Mountain-front recharge, including mountain block recharge and stream seepage, is important for basin aquifers. With the construction of reservoirs in mountainous areas and the recurrent seepage problems of dams, reservoir seepage might become another type of mountain-front recharge. This study identified the recharge sources of groundwater beneath Huangbizhuang Reservoir on the North China Plain (NCP). Hydrochemical data and the stable isotopic compositions (δ 18 O and δD) of water were employed to determine the occurrence of Huangbizhuang Reservoir seepage recharge to groundwater in the mountain-front area. Then, the relative percentages of 'reservoir seepage' to total recharge were quantified using end-member mixing analysis (EMMA). The results suggest that the recharge sources beneath the reservoir are mountain block recharge, local precipitation and reservoir seepage. Using D and δ
INTRODUCTION
In semi-arid regions, a significant component of recharge to basin aquifers occurs along the mountain front and is called We present a case study of groundwater recharge beneath Huangbizhuang Reservoir on the NCP using hydrochemistry and stable isotopes. This study has two objectives which assisted with identifying the recharge sources of groundwater beneath the reservoir. The first was to determine the occurrence of Huangbizhuang Reservoir seepage recharge to groundwater in the mountain-front area on the NCP. The second objective was to quantify the relative percentages of the 'reservoir seepage' to total recharge, for the Huangbizhuang Reservoir, using end-member mixing analysis (EMMA).
STUDY AREA
Huangbizhuang Reservoir is located on the Hutuo River, 30 km to the northwest of Shijiazhuang City. It is one of the most important reservoirs on the NCP, with 12.1 billion m 3 of total storage, which is the water supply for more than seven million people and irrigates more than 80 thousand km 2 of cultivated lands (Fei et al. ; He ) .
The study area located beneath Huangbizhuang Reservoir on the mountain-front plain was the focus of this study. It is bordered to the northeast by the Hutuo River, to the west by the junction of the mountain and plain, and to the southeast by the border of the groundwater cone of Shijiazhuang city (Fei et al. ) (Figure 1(a) ). The elevation ranges from 110 m in the northwest to 60 m in the east (Figure 1(a) ). This region has a semi-arid continental mon- 
METHODS

Sampling and analysis
RESULTS AND DISCUSSION
The chemical characteristics and stable isotopic compositions of samples from the study area are shown in Table 1 .
Hydrochemical characteristics
The pH values of groundwater ranged from 7.05 to 7.50. The minimum value was observed in mountain block groundwater (GW16) and the maximum value was observed in GW2. The pH value of the reservoir water was higher than that of the groundwater (Figure 2 (Figure 3 This line represents the evaporation line of reservoir water.
EMMA
Based on a previous analysis, the groundwater beneath the reservoir is the mixing product of many sources. Therefore, EMMA based on mass balances of tracers was used to determine the contributions of each source to the groundwater beneath Huangbizhuang Reservoir.
Based on the hydrogeological analysis, the groundwater beneath the reservoir has at least two sources: precipitation and mountain block recharge. Although the dam has done with seepage treatment, whether reservoir seepage occurs or not is our concern. The stable isotopic compositions of groundwater, reservoir water and precipitation are shown in Figure 4 . Data for all groundwater samples plot within a triangle. Mountain block water is clearly one end-member This indicates that the groundwater has been recharged by a source with more depleted 18 O relative to the local precipitation. Thus, the source could be reservoir water. Reservoir water comes from runoff from mountainous areas, exhibiting a more depleted value than local precipitation because of elevation effects (Craig ) . Therefore, the reservoir water data from previous studies acts as the third endmember (À8.82‰).
The groundwater δ values can be used for EMMA, assuming three end-members: mountain block groundwater, local precipitation and reservoir water. A mixing computation was performed to establish the proportional ratios in the groundwater. The contribution ratio (r) from each of the potential sources was estimated using the following equations: 
where ( The estimated contribution ratios and calculated mean standard errors (SE) (Phillips & Gregg ) are shown in Table 2 . The resulting δ
18
O and δD values of mountain block recharge, local precipitation and reservoir water accounted for 33%, 31%, and 36%, respectively, of groundwater beneath the reservoir. The mean SE values of these sources were 11%, 12%, and 4%. These suggest that the results of EMMA were 33% ± 11%, 31% ± 12% and 36% ± 4% in consideration of the uncertainty, which should always be used.
The contribution ratios of reservoir water ranged from The contribution ratios of mountain block recharge ranged from 3% to 82%. Relatively large contribution 49  49  16  3  27  30  59  12  31  4  42  32  12  82  47  33  11   Precipitation  35  36  26  34  31  32  6  48  39  48  29  22  46  1  34  31  12   Reservoir  16  15  58  63  42  38  35  40  30  48  29  46  42  17  19  36  4 ratios were observed at GW1 and GW2 (49%) adjacent to the reservoir. The ratio distribution is uneven near the reservoir, ranging from 3% to 59% ( Figure 5(b) ). The main source of groundwater samples GW14 and GW15, which were located far away from the reservoir, was mountain block recharge, accounting for 82% and 47%, respectively.
The contribution ratios of precipitation ranged from 1% to 48%. They do not differ greatly in all samples, with ratios between 22% and 48%, except at GW7 and GW14 ( Figure 5(c) ), and the variance is the smallest among the three sources. The small contributions of precipitation at GW7 and GW14 indicate the influence of a large amount of other sources, such as mountain block recharge, which were decided by geological conditions.
Where they located were underlying limestone and dolomite, and kept good hydraulic relations with the mountainous area.
Overall, reservoir seepage recharges groundwater beneath the reservoir. He () also proposed that seepage occurred based on the groundwater dynamics beneath the reservoir. Moreover, the contribution ratios are large and cannot be ignored in the calculation of mountain-front recharge.
CONCLUSIONS
Isotope and hydrochemistry analyses indicated that precipitation, mountain block recharge and reservoir seepage are the three main recharge sources beneath Huangbizhuang
Reservoir on the mountain-front plain. Thus, the occurrence of reservoir seepage as a groundwater input was determined.
EMMA can be used to estimate the contribution ratios of different recharge sources. It was used to quantitatively evaluate the contribution of 'reservoir seepage' to groundwater on the mountain-front plain with acceptable error.
The results demonstrate that reservoir seepage contributes a considerable amount of water to aquifers, with the mean contribution ratio reaching 36% in the aquifers. Reservoir seepage accounted for 52% of the mountain-front recharge.
Although the reservoir has caused groundwater recharge via runoff to decrease, seepage has become another recharge source for the basin aquifers and should be emphasized in calculations of mountain-front recharge. In a previous study, the calculations of mountain-front recharge did not include reservoir leakage in the NCP and caused a large error in evaluating groundwater resources of NCP.
This paper highlights the importance of reservoir leakage, which has implications for the calculation of mountain-front recharge on the entire NCP. Although this study of hydrochemical data and stable isotopes improved the understanding of many processes, some results may be one-sided because of limited sampling. To verify and further increase the reliability of the calculated results, other methods, such as numerical simulations, are necessary.
